The new concept of stopped-in-loop flow analysis (SIL-FA) is proposed, and an SIL-FA method for the catalytic determination of vanadium is demonstrated. In an SIL format, a sample solution merges with reagent(s), and the wellmixed solution is loaded into a loop. The solution in the loop is separated by a six-way switching valve from the main stream. While the reaction proceeds in the stationary loop, the SIL-FA system does not need to establish a baseline continuously. This leads to a reduction in reagent consumption and waste generation compared with traditional flow injection analysis.
The global prevalence of diabetes is a current issue. The total number of people with diabetes was estimated to be 171 million in 2000, and to be 366 million in 2030. 1 Vanadate, an oxidized form of vanadium, appears to have an insulin-like action. 2 We are now able to purchase bottled mineral water samples containing an adequate amount of vanadium. Recent studies have shown that a significant reduction of blood glucose (BG) levels was observed for subjects (their BG levels were >140 mg/dL prior to the experiment) who had taken Mt. Fuji underground water (commercially available) containing approximately 65 μg/L of vanadium for one month. 3 Because a trace amount of vanadium, however, has unclear biological functions, the amounts of vanadium in drinking water must be strictly controlled.
Catalytic reactions have been utilized as indicator reactions for the development of kinetic-catalytic methods of trace analysis. 4 Flow injection analysis (FIA) has been considered to be a suitable technique for catalytic methods of analysis because the reaction conditions can be precisely controlled. Indeed, the application of FIA to kinetic-catalytic methods results in not only better precision and sensitivity, but also shows lower reagent consumption and waste generation. 5 However, basically this technique needs to establish a baseline continuously, which leads to continuous waste generation. Moreover, when a longer reaction time is needed to increase the sensitivity, a very long reaction coil (e.g. longer than 10 m) may be used with a penalty of dilution. 6 Such sample dilution plagues the exploiting of FIA.
The stopped flow injection (FI) technique allows a longer reaction time with a minimization of dilution and without a long reaction coil, yielding higher sensitivity. 7 It can save reagents and generate less waste than the traditional FIA technique. Also, it provides kinetic information on ones chemical reaction of interest. A stopped FI method for the determination of 20 -200 μg/L vanadium was reported using the vanadium-catalyzed oxidation of malachite green by bromate. 8 Although an injected analyte in such a conventional stopped FI system stays at a flow-through cell, another concept of the stopped FI technique was proposed, in which the analyte zone was stopped in a mixing coil before being dispensed to a flow-through cell. 9 In either the conventional or the new stopped FI technique, the detection window in a flow-through cell is continuously exposed to reagent(s) and/or reaction products. This may cause a stain on the window; especially, it would be a serious problem in spectrophotometric analysis.
We propose here the concept of stopped-in-loop flow analysis (SIL-FA) as an alternative stopped FI technique. The SIL-FA system allowed its own detection window to be washed (no continuous exposure to the reaction product and the reagents) when the reactant stayed at the stationary loop. We developed an SIL-FA system for highly sensitive catalytic determination of vanadium in water without a long mixing coil. In a previous paper, 10 we reported a highly selective catalytic spectrophotometric method for the determination of copper and iron in natural waters using copper-and iron-catalyzed oxidative coupling reaction of p-anisidine with N,Ndimethylaniline (DMA) in the presence of hydrogen peroxide at pH 3.2 (λmax = 740 nm). In this work, preliminary batch experiments revealed that p-anisidine could be oxidized by bromate to form a reddish dye (λmax = 523 nm) without DMA at pH 3.3 and the color development was catalyzed by trace vanadium in the presence of Tiron as an activator.
A flow diagram of the system is depicted in Fig. 1 . A diluted HNO3 solution (B) for a blank measurement or a sample solution (S) was delivered by pump 1 (P1) at a flow rate of 0.70 mL/min. Pump 2 (P2, 0.15 mL/min) was used to deliver a solution of 0.08 M p-ansidine buffered at pH 3.3. The oxidant (0.05 M KBrO3) and the activator (0.15 M Tiron) were pumped by pump 3 (P3) at a flow rate of 0.1 mL/min, respectively. All flow lines were made by 0.5 mm i.d. PTFE tubing, except for the back-pressure coil (0.25 mm i.d.). A coiled loop around two electrically heated bars (95˚C) was set at a standard six-way valve (V2). In order to carry out the SIL-FA protocol shown in Table 1 , two standard six-way (V1 and V2) valves were switched (ON-OFF) and three pumps were controlled (ON-OFF) manually.
In mode 1 (60 s), the three solutions of reagents (R1, R2 and R3) and B or S are merged together, and the well-mixed solution is loaded into the loop. An uncatalyzed (blank) or catalyzed (sample) reaction occurs in the loop at 95˚C during modes 2, 3 and 4 (the total reaction time is 180 s). In mode 2 (30 s), the detection window is washed with B, while the reaction proceeds in the loop. The net waste is zero in mode 3 (90 s). Mode 4 (60 s) is for a not only proceeding the reaction, but also for establishing a baseline. Finally, a peak for blank or sample is obtained in mode 5 (40 s). The overall measurement cycle is therefore 280 s.
There are several ways to dispense a reaction product in the loop to the spectrophotometric detector. We tested two ways: the reaction product was dispensed by using only P1 or all pumps. Namely, in the former case the carrier solution was only B, and in the latter case it was a mixed solution of B, R1, R2 and R3. The blank peak height in the former case was about 3.8-times higher than that in the latter case, although their sensitivities were comparable. We therefore chose the latter way.
A typical calibration sequence is shown in Fig. 2 . The calibration graph was linear for 0 -2 μg/L vanadium with a correlation coefficient (r 2 ) of 0.9994; the net absorbance was 0.135 [vanadium, μg/L] + 0.00322.
The 10σ limit of quantitation and the 3σ limit of detection were 0.05 and 0.01 μg/L vanadium, respectively. The relative standard deviation was 1.1% for the 10 determination of 0.5 μg/L vanadium.
We studied the potential interference of several metal ions that are known to be commonly present in drinking water. The presence of 50 mg/L magnesium(II) and calcium(II) did not interfere in the determination of 0.5 μg/L vanadium. The presence of 50 μg/L iron(III) was also tolerable.
A series of standard vanadium solutions ranging from 0.25 to 1.00 μg/L was spiked to a tap-water sample. The recovery ranged from 98 to 100%. The concentration of vanadium in the tap water was found to be 0.23 ± 0.01 μg/L. The analytical value was in good agreement with that obtained by inductively coupled plasma mass spectrometry (0.20 ± 0.004 μg/L).
In conclusion, the proposed SIL-FA method has been successfully applied to the trace vanadium determination. The SIL-FA technique is expected to be applicable to any kineticcatalytic methods of analysis. Studies in an automated SIL-FA system are in progress, and will be published elsewhere. Table 1 Protocol of the stopped-in-loop flow analysis for vanadium determination with manual operation V1 and V2, six-port two-position valves; P1, P2, P3, double plunger pumps. Mode 1, Loading reagents and 10 mM HNO3 (B in Fig. 1 ) or sample solution (S in Fig. 1) into loop (when a blank is measured, V1 position in mode 1 is off); mode 2, reaction in loop and washing flow cell; mode 3, reaction in loop (net waste = 0); mode 4, reaction in loop and establishing baseline; mode 5, signal monitoring for peak. V1  V2  P1  P2  P3  Time/s   1  ON  ON  ON  ON  ON  60  2  OFF  OFF  ON  OFF  OFF  30  3  OFF  OFF  OFF  OFF  OFF  90  4  OFF  OFF  ON  ON  ON  60  5  OFF  ON  ON  ON  ON 
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